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A B S T R A C T
A selective deﬁcit in processing the global (overall) motion, but not form, of spatially extensive objects in the
visual scene is frequently associated with several neurodevelopmental disorders, including preterm birth.
Existing theories that proposed to explain the origin of this visual impairment are, however, challenged by recent
research. In this review, we explore alternative hypotheses for why deﬁcits in the processing of global motion,
relative to global form, might arise. We describe recent evidence that has utilised novel tasks of global motion
and global form to elucidate the underlying nature of the visual deﬁcit reported in diﬀerent neurodevelopmental
disorders. We also examine the role of IQ and how the sex of an individual can inﬂuence performance on these
tasks, as these are factors that are associated with performance on global motion tasks, but have not been
systematically controlled for in previous studies exploring visual processing in clinical populations. Finally, we
suggest that a new theoretical framework is needed for visual processing in neurodevelopmental disorders and
present recommendations for future research.
1. Introduction
Vision plays a critical role in human brain development. Even when
babies are still in utero retinal cells ﬁre spontaneously in preparation
for the incoming stream of visual information that needs to be pro-
cessed after birth (Ackman et al., 2012). Abnormal processing of visual
information during infancy and early childhood initiates a cascade of
events in the brain that have adverse aﬀects upon motor, language, and
cognitive development (Gori et al., 2016). Several studies have un-
covered a visual deﬁcit in various neurodevelopmental disorders and
children born very preterm (Braddick et al., 2003; Grinter et al., 2010).
What is interesting about this impairment is its apparent selectivity.
Individuals with Williams Syndrome, Developmental Dyslexia, Autism
Spectrum Disorder (ASD), Developmental Coordination Disorder (DCD)
and children born preterm are all purported to have a deﬁcit in the
processing of global (overall) motion, relative to global form. Current
theories for why such a pattern of impairment might arise are chal-
lenged by very recent research (e.g. Johnston et al., 2016, 2017). The
aim of this review is to explore alternative explanations for why deﬁcits
in the processing of global motion but not global form might arise in
neurodevelopmental disorders and children born preterm, by taking
account of the new psychophysical evidence.
First, we will describe visual tasks that have been used to investigate
the processing of global motion and global form in clinical populations.
We will then critically evaluate studies that have administered these
tasks to individuals across a range of neurodevelopmental disorders
(Williams Syndrome, Developmental Dyslexia, Autism Spectrum
Disorder, Developmental Coordination Disorder) and children born
preterm. Some studies have only administered global motion tasks.
However, we have chosen to focus our attention on those that have
compared performance across both global motion and global form
tasks, as these provide a more comprehensive assessment of visual
processing and have a direct bearing on the selectivity of the underlying
impairment. Table 1 presents a summary of the research we cite so as to
facilitate comparisons across studies on key variables, such as matching
criteria, age, the sex of an individual, and visual tasks used. We also
calculate and report between-group eﬀect sizes but this was only pos-
sible for ∼40% of the studies we cite. We will then consider con-
temporary theories that have been proposed to explain why deﬁcits in
the processing of global motion, relative to global form might arise.
These include the dorsal stream vulnerability hypothesis (Atkinson and
Braddick, 2013; Braddick et al., 2003; Braddick and Atkinson, 2011),
the anchoring-deﬁcit hypothesis (Ahissar et al., 2006; Ahissar, 2007),
and the noise exclusion hypothesis (Sperling et al., 2005, 2006). We
will also review research that has suggested the origin of visual im-
pairment in these clinical populations might reﬂect genotypic variation
(Cicchini et al., 2015; Gori et al., 2015a; Morrone et al., 2011). We will
outline each of these frameworks in turn and explain why they are
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challenged by recent ﬁndings. We will then describe four new visual
tasks that can be used to elucidate the underlying nature of the visual
deﬁcit in neurodevelopmental disorders and children born preterm. We
will then discuss the importance of non-verbal IQ and the sex of an
individual on performance with these tasks, as these are factors that are
known to be associated with performance on global motion tasks but
have not always been systematically controlled for in previous studies
exploring visual processing in neurodevelopmental disorders and chil-
dren born preterm. This could explain discrepancies across studies and
why some investigators have failed to uncover deﬁcits in the processing
of global motion, relative to global form. Finally, we propose a new
theoretical framework that can account for visual processing in neu-
rodevelopmental disorders and set out some recommendations for fu-
ture research.
2. Visual tasks
It has been proposed that two anatomically distinct and functionally
independent processing streams exist in primate cortex (Goodale and
Milner, 1992; Milner and Goodale, 1995; Mishkin et al., 1983;
Ungerleider and Mishkin, 1982). The dorsal stream originates in pri-
mary visual cortex (V1), passes through V5/MT and terminates in
parietal cortex. It is thought to play a major role in processing the
global motion of objects, spatial cognition and visual motor planning.
The ventral stream also originates in V1 but passes through V4 before
terminating in the temporal lobes. Tasks mediated by the ventral stream
include global form perception, visual memory and object recognition.
A common tool for studying the properties of these two processing
streams are visual displays composed of an array of local elements that
when integrated (combined, pooled or compared in some manner)
create either the perception of global motion or global form. These
stimuli have been used extensively to probe the functional organisation
of the visual system and the origin of visual impairment in neurode-
velopmental disorders.
2.1. Global motion tasks
Random-dot kinematograms (RDKs) comprise a discrete set of
images, each containing local dots, that when presented in succession
create the perception of apparent motion (e.g. Albright, 1984; Barlow
and Tripathy, 1997; Britten et al., 1992; Cavanagh and Mather, 1989;
Newsome and Paré, 1988; Salzman et al., 1992). In a typical class of
RDK, some of the dots move in the same direction on each image update
(signal dots), whilst others move randomly (noise dots). Coherence
thresholds are calculated to obtain a measure of perceptual perfor-
mance and reﬂect the minimum proportion of signal dots needed to
reliably detect or identify the global direction of motion. Evidence
suggests that RDKs evoke a strong blood-oxygen-level-dependent
(BOLD) response in hMT: the human homologue of macaque V5/MT
(Braddick et al., 2000; Eden et al., 1996; Tootell et al., 1995; Zeki et al.,
1991; Zeki, 2015). Neurophysiological studies have shown that direc-
tionally selective cells in this part of the brain are well equipped to
integrate (“pool”) the local responses of neurons in V1. They typically
have larger receptive ﬁelds than their V1 counterparts and for this
reason are thought to provide a global representation of object motion
(see Born and Bradley, 2005 for review).
2.2. Global form tasks
In contrast, global form tasks typically comprise either Glass pat-
terns (Dakin and Bex, 2002; Glass, 1969; Kim and Wilson, 1997; Smith
et al., 2002, 2007; Wilson and Wilkinson, 1998) or static line segments
(Burton et al., 2015, 2016; Hansen et al., 2001; Kevan and Pammer,
2009; Milne et al., 2006; Spencer et al., 2000; White et al., 2006). Some
of the dots/lines are orientated to form a geometric pattern, usually
depicting concentric, radial or translational structure, whilst others are
orientated randomly. Coherence thresholds are measured in the same
manner as RDKs and correspond to the minimum proportion of dots/
lines needed to reliably detect the geometric pattern. Evidence suggests
that global form tasks evoke a strong BOLD response in a region that
might correspond to the human homologue of macaque V4 (Braddick
et al., 2000; Ostwald et al., 2008). This part of the brain has been im-
plicated in global shape perception but its precise functional role has
yet to be elucidated (Roe et al., 2012). Single-cell recording studies
have shown that up to one third of neurons in macaque V4 are direc-
tionally selective (Ferrera et al., 1994; Li et al., 2013; Schmid et al.,
2013). It is possible that cells such as these might play a putative role in
the processing of motion-deﬁned boundaries (Mysore, 2006; Mysore
et al. 2008; Chen et al., 2014; Sary et al., 1995).
3. Clinical populations
3.1. Williams syndrome
Williams Syndrome is a neurodevelopmental disorder caused by the
deletion of approximately 25–28 genes on chromosome 7 (Ewart et al.,
1993). It is primarily characterised by hyper-sociability but evidence
suggests that individuals with this condition also have diﬃculty pro-
cessing certain types of visual information (Anker and Atkinson, 1997;
Braddick and Atkinson, 1995). To investigate the underlying nature of
the visual deﬁcit in Williams Syndrome, Atkinson et al. (1997) ad-
ministered a global motion task and a global form task to ﬁfteen chil-
dren with Williams Syndrome (mean age = 9.7 years; range = 4–14 -
years) and thirty typically developing controls (mean age = 8.1 years;
range = 4–20 years). The stimuli in the global motion task comprised
random-dot patterns that were spatially divided into horizontal seg-
ments. Adjacent segments contained dots moving in opposing directions
(leftwards and rightwards). In the global form task, static line segments
were orientated to form a concentric structure. Participants had to
judge if the spatially segmented RDK or the geometric shape was lo-
cated to the left or right of ﬁxation in the global motion task and the
global form task, respectively. Deviance analyses were performed to
determine the proportion of children with Williams Syndrome who had
coherence thresholds greater than 40% on the global motion task and
the global form task. This criterion for deviance was chosen because it
represents the maximum coherence threshold in the control group for
both visual tasks. Seven out of the ﬁfteen children with Williams Syn-
drome had coherence thresholds greater than the criterion for deviance
on the global motion task, whereas only three out of the ﬁfteen children
with Williams Syndrome had coherence thresholds greater than the
criterion for deviance on the global form task. These ﬁndings suggest
that the processing of global motion is impaired to a greater extent than
the processing of global form in some, but not all, children with Wil-
liams Syndrome. However, it is unclear if the participant groups in
Atkinson et al. (1997) were matched for IQ. This is important because
individuals with Williams Syndrome generally have a lower IQ than
typically developing controls (Meyer-Lindenberg et al., 2006). Several
studies have shown that non-verbal IQ is signiﬁcantly and negatively
associated with performance on global motion tasks but not global form
tasks in the general population (Arranz-Paraíso and Serrano-Pedrazza,
2016; Johnston et al., 2016; Melnick et al., 2013). That is, individuals
with a lower non-verbal IQ have higher coherence thresholds than
those with a higher non-verbal IQ. This could provide an alternative
explanation for why a greater proportion of children with Williams
Syndrome had coherence thresholds above the criterion for deviance on
the global motion task, relative to the global form task in Atkinson et al.
(1997). Furthermore, the participant groups in Atkinson et al. (1997)
were not well matched for chronological age. Evidence suggests that
coherence thresholds on global motion tasks, and to a lesser extent
global form tasks, are still maturing between the age of ﬁve and eleven
in the general population (Braddick et al., 2016; see Hadad et al., 2015
for review; Meier and Giaschi, 2014). Atkinson et al. (2003) showed
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that children with Williams Syndrome did not exhibit a selective deﬁcit
in the processing of global motion, relative to global form when co-
herence thresholds were converted into standard scores based on the
mean and standard deviation of chronological age matched controls.
These results highlight the importance of controlling for chronological
age when measuring global motion coherence thresholds in neurode-
velopmental disorders.
The results of Atkinson et al. (2003) suggest that children with
Williams Syndrome do not have a selective deﬁcit in the processing of
global motion, relative to global form. However, it is possible that such
a pattern of impairment could exist in adolescents and adults with
Williams Syndrome. To explore this possibility Atkinson et al. (2006)
administered the same global motion and global form tasks to forty-ﬁve
individuals with Williams Syndrome (mean age = 28.3 years;
range = 16–47) and nineteen typically developing controls (mean
age = 27.5 years; range = 18–41). Signiﬁcant group diﬀerences were
found on both visual tasks but eﬀect size was greater for the global
motion task (Cohen’s d= 1.66) than the global form task (Cohen’s
d= 1). These results suggest that global motion perception is impaired
to a greater extent than global form perception in adolescents and
adults with Williams Syndrome. However, Atkinson et al. (2006) did
not control for marked diﬀerences in verbal, performance, and full-
scale IQ. In addition, the participant groups were not well matched for
chronological age. Several studies (Hutchinson et al., 2012; Billino
et al., 2008; Snowden and Kavanagh, 2006) have shown that coherence
thresholds increase across the lifespan meaning that older adults have
higher coherence thresholds than younger adults on some, but not all
(Hutchinson et al., 2014a; Pilz et al., 2017), global motion tasks. The
maximum age of participants in the study by Atkinson et al. (2006) was
higher in the Williams Syndrome group than the control group. Thus, it
is possible that the mean coherence threshold for the Williams Syn-
drome group on the global motion task may have been elevated because
of their older age. The fact that adults and adolescents with Williams
Syndrome also exhibited higher coherence thresholds than typically
developing controls on the global form task raises an important ques-
tion regarding the selectivity of the visual deﬁcit in Williams Syndrome,
as it appears to aﬀect the processing of both global motion and global
form information.
Furthermore, the global motion task used by Atkinson et al. (1997,
2003, 2006) was spatially complex. It comprised “second-order” image
cues in the form of motion-deﬁned boundaries (Cavanagh and Mather,
1989) and subsequently necessitated a degree of spatial segmentation,
as well as integration, of local visual cues (Braddick, 1993). Thus, one
cannot be sure if it is global motion perception or motion-based seg-
mentation that is impaired in Williams Syndrome. Whether or not this
class of RDK can be relied upon to dissociate activity in brain regions
that have been implicated in the processing of global motion is also
debatable. Neurophysiological studies in non-human primates have
shown that motion-deﬁned boundaries may be encoded in area V4
(Mysore, 2006; Mysore et al. 2008; Chen et al., 2014; Sary et al., 1995).
Thus, impaired performance on the motion task used by Atkinson et al.
(1997, 2003, 2006) cannot be assumed to reﬂect a pure deﬁcit in the
processing of global motion per se. In addition, the neural correlates of
motion-based segmentation have not been well explored in human
observers, so strong claims about the cortical loci cannot yet be made.
To further investigate the underlying nature of the visual deﬁcit in
Williams Syndrome, Palomares and Shannon (2013) devised three vi-
sual tasks: a static global form task, a dynamic global form task, and a
global motion task. The stimuli in the static global form task consisted
of concentrically orientated Glass patterns, whereas those in the dy-
namic global form task were generated by presenting a new and tem-
porally uncorrelated Glass pattern on each image update to create the
perception of bistable apparent motion (Day and Palomares, 2014;
Krekelberg, 2005; Krekelberg et al., 2003; Ross et al., 2000). In the
global motion task, RDKs depicting “optic ﬂow” patterns were used and
were constrained to move in a clock-wise or anti-clockwise direction.
Participants had to discriminate these static or moving patterns from
stimuli containing randomly oriented elements (static global form task
and dynamic global form task) or randomly moving noise dots (global
motion task). Based on previous research, it was hypothesised that in-
dividuals with Williams Syndrome should be impaired to a greater
extent on the dynamic global form task and the global motion task
assuming that the neural mechanisms underlying the processing of
global motion are equally activated by dynamic Glass patterns.
First, the performance of twelve Williams Syndrome participants
(mean age = 17.71 years; range = 8–27 years) was compared to that
of twelve typically developing controls matched for chronological age
(mean age = 17.61 years; range = 8–27 years). Palomares and
Shannon (2013) found that individuals with Williams Syndrome had
signiﬁcantly higher coherence thresholds than chronological age mat-
ched controls on the static global form task, the dynamic global form
task, and the global motion task. Next, the performance of eight Wil-
liams Syndrome participants (mean age = 16.49 years; ran-
ge = 8–23 years) was compared to that of eight typically developing
controls matched for verbal and non-verbal IQ (mean age = 7.80 years;
range = 5–10 years). A slightly diﬀerent pattern of results was found as
individuals with Williams Syndrome exhibited relatively impaired
performance on the static global form task and the dynamic global form
task, but not the global motion task. Taken together, these results
suggest that the processing of global form is delayed to a greater extent
than the processing of global motion in Williams Syndrome. The dis-
crepancy between these ﬁndings and those of Atkinson et al. (2006)
might reﬂect the fact that diﬀerent stimuli were used to assess global
motion perception. RDKs in Palomares and Shannon (2013) moved
either in a clock-wise or anti-clockwise direction, whereas those in
Atkinson et al. (2006) were spatially divided into horizontal segments
by constraining dots in adjacent segments to move in opposing direc-
tions (see Table 1). Palomares and Shannon (2013) also controlled for
non-verbal IQ, whereas Atkinson et al. (2006) did not address marked
diﬀerences in IQ between participant groups.
In summary, some evidence suggests that the processing of global
motion is impaired to a greater extent than the processing of global
form in adolescents and adults, but not children, with Williams
Syndrome (Atkinson et al., 1997, 2003, 2006). However, these results
may have arisen because of incidental diﬀerences in non-verbal IQ
between the participant groups (Palomares and Shannon, 2013), em-
phasising the need to control for this important factor in neurodeve-
lopmental research. Furthermore, research using directly analogous
visual tasks (i.e. in terms of demands and stimulus complexity) is
needed to meaningfully compare global motion and global form per-
ception in Williams Syndrome and typically developing controls mat-
ched for both chronological age and non-verbal IQ.
3.2. Developmental dyslexia
Developmental dyslexia manifests as a diﬃculty with reading de-
spite adequate educational opportunities. It is primarily characterised
by poor phonological decoding skills (Snowling, 2000) but several
studies have observed diﬃculties with visual processing in individuals
with developmental dyslexia which has resulted in diﬀerent theories of
visual processing in dyslexia being proposed including the magnocel-
lular deﬁcit hypothesis (Livingstone et al., 1991; Stein and Walsh,
1997). This theory assumes that anatomically distinct and functionally
independent pathways can be discerned in a subcortical part of the
primate brain called the lateral geniculate nucleus (LGN). The two
major subdivisions of the LGN are the magnocellular and parvocellular
pathways. A third koniocellular pathway has also been identiﬁed
(Casagrande, 1994; Hendry and Yoshioka, 1994; Hendry and Reid,
2000; Kaas et al., 1978) but its precise functional role is yet to be fully
elucidated (see Roe et al., 2012 for review). It is not uncommon for the
subcortical magnocellular and parvocellular pathways to be conﬂated
with the cortical dorsal and ventral processing streams (Skottun, 2015,
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2016). For many years, the magnocellular and parvocellular pathways
were thought to provide major feedforward input to the dorsal and
ventral processing streams, respectively (Livingstone and Hubel, 1988;
Merigan and Maunsell, 1993; Zeki and Shipp, 1988). However, more
recent research in non-human primates has shown that this is almost
certainly an oversimpliﬁcation (Nassi and Callaway, 2009; Sincich and
Horton, 2005; Vidyasagar et al., 2002). Magnocellular cells are thought
to play a key role in the processing of relatively low spatial frequency
stimuli, containing coarse scale details, which change rapidly over time,
whereas parvocellular cells have been implicated in the processing of
relatively high spatial frequency stimuli, containing ﬁne scale details,
which either remain static or change very slowly over time (Derrington
and Lennie, 1984; Schiller and Malpeli, 1978). Determining the spatial
and temporal frequencies at which human visual processing switches
from the magnocellular to the parvocellular pathway is not trivial, but
the magnocellular deﬁcit hypothesis predicts that readers with dyslexia
should exhibit impaired contrast sensitivity at relatively low spatial and
high temporal frequencies (Livingstone et al., 1991; Stein and Walsh,
1997). The results of studies testing this hypothesis are very mixed (see
Skottun, 2000 for review), suggesting that subcortical impairment of
the magnocellular pathway is insuﬃcient to fully characterise the vi-
sual perceptual diﬃculties experienced by individuals with develop-
mental dyslexia. Indeed, the underlying nature of the visual deﬁcit in
dyslexia may instead reﬂect impairment at a relatively higher, cortical
stage of visual processing where global motion and global form per-
ception are thought to take place (Braddick et al., 2000; Eden et al.,
1996; Ostwald et al., 2008; Tootell et al., 1995; Zeki et al., 1991; Zeki,
2015).
To explore if readers with dyslexia have a selective deﬁcit in the
processing of global motion, relative to global form Hansen et al. (2001)
administered a global motion task and a global form task to ﬁfteen
adults with dyslexia (mean age = 28.9 years) and sixteen typically
developing controls (mean age = 24 years) matched for non-verbal IQ
but not chronological age. The stimuli in the global motion task were
conventional RDKs. In contrast, the global form task consisted of static
line segments that were orientated to create a concentric pattern. In the
motion task, participants had to discriminate RDKs from stimuli con-
taining randomly moving noise dots, whereas in the form task they had
to discriminate geometric structure from stimuli comprising randomly
orientated elements. Results showed that readers with dyslexia had
signiﬁcantly higher coherence thresholds than relatively good readers
on the global motion task but not the global form task. These ﬁndings
are indicative of a selective deﬁcit in the processing of global motion,
relative to global form. However, it is unclear if this impairment is
conﬁned to adult poor readers, or if it extends to children who are less
skilled at reading.
To explore visual processing in children with dyslexia, White et al.
(2006) used the same global motion and global form tasks as Hansen
et al. (2001). They administered these tasks to twenty-three children
with dyslexia (mean age = 10.5 years) and twenty-two typically de-
veloping controls (mean age = 10.3 years) matched for non-verbal IQ
and chronological age. No signiﬁcant diﬀerence was found between
children with dyslexia and typically developing controls on the global
motion task (Cohen’s d= 0.13) or the global form task (Cohen’s
d= 0.21). These results are diﬃcult to reconcile with studies that have
uncovered global motion processing deﬁcits in children with dyslexia
(Raymond and Sorensen, 1998). This discrepancy might reﬂect the fact
that diﬀerent diagnostic criteria were used to identify reading diﬃ-
culties. White et al. (2006) employed a six-point scale encompassing
performance on a wide range of tests including reading, spelling, digit
span, and speed of processing. In contrast, Raymond and Sorensen
(1998) identiﬁed children whose reading skills were less than one
standard deviation below the average expected for their chronological
age. It is unclear if the reading tests used to diagnose dyslexia in White
et al. (2006) and Raymond and Sorensen (1998) assessed the same, or
diﬀerent components, underlying reading skill e.g. sublexical or lexical
processing. This is important because evidence suggests that deﬁcits in
the processing of global motion are more profound in readers who have
a combination of poor phonemic decoding skills and whole-word lexical
processing skills (Slaghuis and Ryan, 1999). How these distinct com-
ponents underlying reading skill relate to performance on global form
tasks is currently unclear but this could be explored in future research.
We have already highlighted the importance of controlling for chron-
ological age when exploring the processing of global motion in neuro-
developmental disorders and children born preterm. The discrepancy
between White et al. (2006) and Raymond and Sorensen (1998) is
unlikely to reﬂect diﬀerences in chronological age because the parti-
cipant groups in both studies were matched on this variable. However,
it is unclear if Raymond and Sorensen (1998) controlled for non-verbal
IQ. Irrespective of the deﬁnitional criterion of developmental dyslexia
adopted, careful matching of controls to dyslexic groups for non-verbal
IQ, ideally on a case-by-case basis, is necessary.
Another issue that has generated considerable debate is whether
deﬁcits in the processing of global motion, relative to global form, are
the proximal cause, or merely a consequence of developmental dyslexia
(Dehaene et al., 2015; Gori et al., 2015a, 2015b; Goswami, 2014;
Olulade et al., 2013; Szwed et al., 2012). One way to address this issue
is to explore if coherence thresholds measured before the commence-
ment of formal reading training predict reading ability after formal
reading training has begun. Kevan and Pammer (2009) administered a
global motion task and a global form task to nineteen children (mean
age = 5.7 years) identiﬁed as being at high-risk of dyslexia (i.e. who
had a ﬁrst-degree relative with dyslexia) and thirty-nine children who
were selected from the general population matched for chronological
age (mean age = 5.5 years). The visual stimuli were identical to those
used by Hansen et al. (2001) and White et al. (2006). Results showed
that coherence thresholds on both visual tasks, measured at the be-
ginning of kindergarten (before formal reading training had com-
menced) did not signiﬁcantly predict scores on standardised measures
of reading ability at the end of grade 1 (after formal reading training
had begun). Crucially, scores on the standardised measures of reading
ability at the end of grade 1 were signiﬁcantly associated with co-
herence thresholds on the global motion task also measured at the end
of grade 1. However, this was not the case for the form task. No cor-
relation was found at the end of grade 1 for performance on the global
form task and reading ability. These ﬁndings suggest that deﬁcits in the
processing of global motion, relative to global form, are more likely to
be a consequence, rather than the proximal cause of developmental
dyslexia.
A criticism of the global motion and global form tasks described
thus far is that they are not always comparable in terms of stimulus
complexity or task demands. To overcome this problem Tsermentseli
et al. (2008) administered two directly analogous global motion and
global form tasks to twenty adults with dyslexia (mean age = 23.4 -
years) and twenty typically developing controls (mean age = 28.4 -
years) matched for full scale IQ but not chronological age. The stimuli
in the global form task comprised an array of dot triplets that were
orientated to form a concentric structure. Identical stimuli were used in
the global motion task except the dots were displaced from the ﬁrst
position in the triplet to the last position, which created the perception
of circular (rotational) motion. No signiﬁcant diﬀerence was found
between readers with dyslexia and relatively good readers on the global
motion task or the global form task. These results do not corroborate
those of Hansen et al. (2001) but there are at least two reasons why this
might be the case. Firstly, research has shown that readers with dyslexia
only have marked diﬃculty when local motion cues have to be in-
tegrated across extended trajectories, perhaps indicative of a temporal
integration deﬁcit rather than a pure motion perception deﬁcit
(Raymond and Sorensen, 1998). The global motion task used by
Tsermentseli et al. (2008) comprised three frames, whereas that used by
Hansen et al. (2001) comprised eighty frames. This raises the possibility
that the global motion task used in the study by Tsermentseli et al.
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(2008) might not have been suﬃcient to reveal signiﬁcant between-
group diﬀerences. Secondly, the participant groups in Hansen et al.
(2001) were matched for chronological age. In contrast, the mean age
of the control group was higher than that of the dyslexia group in
Tsermentseli et al. (2008). As a result, the mean coherence threshold of
the control group on the global motion task may have been elevated,
which could have masked a signiﬁcant between-group diﬀerence.
In summary, research suggests that at least some children and adults
with dyslexia have a selective deﬁcit in the processing of global motion,
relative to global form (Hansen et al., 2001; Raymond and Sorensen,
1998). Although this ﬁnding has not always been replicated (White
et al., 2006; Tsermentseli et al., 2008), discrepancies across studies
could have arisen for at least three possible reasons: 1) a wide range of
tests measuring diﬀerent components underling reading skill (e.g.
sublexical or lexical processing) have been used to diagnose dyslexia
across studies; 2) research has not always controlled for factors that are
known to be associated with performance on global motion tasks such
as chronological age, sex, and non-verbal IQ; and 3) the global motion
tasks administered may not have, at least in some cases, been suﬃ-
ciently sensitive to reveal diﬀerences between readers with dyslexia
and relatively good readers e.g. tasks in which the motion sequence
comprised a relatively small number of frames. Another controversy is
whether or not performance on global motion and global form tasks
diﬀerentiates individuals with poor phonological decoding skills, con-
sistent with the dyslexic proﬁle, from generally poor readers. This issue
is theoretically important, has implications for the deﬁnition of dyslexia
(Fletcher, 2009) and will be addressed in more detail in Section 5.
3.3. Autism spectrum disorder
Autism Spectrum Disorder (ASD) is mainly characterised by social
withdrawal and isolation but several studies have shown that in-
dividuals with ASD also exhibit impaired performance on a range of
visual tasks (Manning et al., 2015; Smith et al., 2015; Simmons et al.,
2009). For example, Bertone et al. (2003) reported that some in-
dividuals with ASD exhibit impaired detection of complex (second-
order) motion and attributed this to a “decreased capacity to integrate
complex perceptual information rather than a speciﬁc inability to eﬃ-
ciently process motion information as such” (Bertone et al., 2003, p.4).
To explore the underlying nature of the visual deﬁcit in ASD, Spencer
et al. (2000) administered a global motion task and a global form task
to twenty-three children with ASD (age range = 7–11 years) and ﬁfty
typically developing controls (age range = 7–11 years) matched for
chronological age and verbal IQ. The visual stimuli in the global motion
and global form tasks were identical to those used by Atkinson et al.
(1997, 2003, 2006). Results showed that children with ASD had sig-
niﬁcantly higher coherence thresholds than typically developing con-
trols on the global motion task but not the global form task. However,
as previously mentioned, we cannot be sure that this particular class of
RDK provides a sensitive measure of global motion perception as it
requires some degree of spatial segmentation, as well as integration of
local motion cues (Braddick, 1993). Hence, the visual deﬁcit in ASD
could either reﬂect a diﬃculty with global motion perception or mo-
tion-based segmentation. In addition, research has shown that both
performance and non-verbal components of IQ are more strongly as-
sociated with thresholds on global motion tasks than verbal compo-
nents (Melnick et al., 2013). A recent study did not ﬁnd a signiﬁcant
correlation between verbal IQ and performance on a global motion task
(Arranz-Paraíso and Serrano-Pedrazza, 2016). The participant groups in
Spencer et al. (2000) were matched for verbal IQ but not non-verbal IQ.
Children in the ASD group may have had lower non-verbal IQ than
typically developing controls and this could explain why they had
higher coherence thresholds on the global motion but not the global
form task.
Milne et al. (2006) administered more conventional global motion
and global form tasks to investigate visual processing in twenty-three
children with ASD (mean age = 10.1 years) and twenty-three typically
developing controls (mean age = 10.3 years) matched for non-verbal
IQ and chronological age. The stimuli in the global motion task were
RDKs, whereas the global form task comprised orientated lines that
formed a concentric pattern (Hansen et al., 2001; Kevan and Pammer,
2009; White et al., 2006). No signiﬁcant diﬀerence was found between
children with ASD and typically developing controls on the global
motion task (Cohen’s d= 0.61) or the global form task (Cohen’s
d= 0.57). However, there was a marked imbalance between males and
females in the participant groups. The group of children with ASD
comprised twenty-two males and one female, whereas the group of
children without ASD comprised ten males and thirteen females
(Table 1). Evidence suggests that females have signiﬁcantly higher
coherence thresholds than males on global motion tasks (Billino et al.,
2008; Hutchinson et al., 2012; Snowden and Kavanagh, 2006), which
raises the possibility that a signiﬁcant group diﬀerence on the global
motion task could have been masked in the Milne et al. (2006) study
because of sex diﬀerences in their sample. This important issue is often
overlooked and will be discussed further in Section 6.
It is also currently unclear if the visual deﬁcit sometimes found in
ASD persists into adolescence. To explore this possibility Koldewyn
et al. (2010) administered a global motion task and a global form task
to thirty individuals with ASD (mean age = 15.1 years) and thirty-two
typically developing controls (mean age = 15.8 years) matched for
chronological age but not non-verbal IQ. The stimuli in the global
motion task comprised conventional RDKs, whereas the global form
task consisted of Glass patterns. Results showed that individuals with
ASD had signiﬁcantly higher coherence thresholds than typically de-
veloping controls on the global motion task (Cohen’s d= 0.71) but not
the global form task (Cohen’s d= 0.08). However, the eﬀect dis-
appeared when non-verbal IQ was entered into the analyses as a cov-
ariate. These ﬁndings highlight the importance of controlling for in-
tellectual ability when exploring the processing of global motion and
global form information in groups with neurodevelopmental disorders
and children born preterm.
In summary, research using conventional global motion integration
tasks has not found reliable diﬀerences in coherence thresholds be-
tween children with ASD and typically developing controls, when both
groups were carefully matched with regards to the sex of the partici-
pants and non-verbal IQ (Koldewyn et al., 2010). Further research is
needed to explore if spatial segmentation, rather than integration, is
impaired in children and adults with ASD when non-verbal IQ is taken
into account. This issue forms the basis of a new theoretical framework
of vision in neurodevelopmental disorders and will be addressed in
more detail in Section 8.
3.4. Developmental coordination disorder
Developmental Coordination Disorder (DCD) aﬀects approximately
5–6% of school-aged children and is characterised by a break down in
the planning, organisation, and execution of physical movements
(Zwicker et al., 2012). Two studies have been conducted to investigate
if these diﬃculties reﬂect a deﬁcit processing certain types of visual
information. O’Brien et al. (2002) administered the same global motion
and global form tasks as Atkinson et al. (1997, 2003, 2006) to eight
children with DCD (mean age = 8.2 years) and ﬁfty typically devel-
oping controls (mean age = 8.4 years) matched for verbal IQ and
chronological age. Results showed that children with DCD had sig-
niﬁcantly higher coherence thresholds than controls on the global form
task but not the global motion task. In contrast, Sigmundsson et al.
(2003) administered the same global motion and global form tasks as
Hansen et al. (2001) to thirteen children with DCD (mean
age = 10.6 years) and thirteen typically developing controls (mean
age = 10.5 years) matched for chronological age but not non-verbal IQ.
They found that children with DCD had signiﬁcantly higher coherence
thresholds than controls on both visual tasks. The stimuli used in these
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two studies diﬀered and this might explain the discrepancy in results
(Table 1). In addition, diﬀerent criteria were used to identify in-
dividuals with DCD across studies. A formal diagnosis was required in
the O’Brien et al. (2002) study, whereas Sigmundsson et al. (2003) used
scores on the Movement ABC (Henderson and Sugden, 1992) to assess
motor competency. Another factor that might have contributed to the
discrepancy is sex. The ratio of males to females was well balanced
across participant groups in the study by Sigmundsson et al. (2003).
However, we cannot be sure that this was the case in O’Brien et al.
(2002) as sex composition was only provided for the DCD group and not
the control group (Table 1). In addition, the Sigmundsson et al. (2003)
study failed to control for IQ, whereas participant groups in O’Brien
et al. (2002) were matched for verbal IQ, the latter of which is not
associated with performance on global motion tasks (Arranz-Paraíso
and Serrano-Pedrazza, 2016). In summary, it is currently unclear if the
discrepant results of Sigmundsson et al. (2003) and O’Brien et al.
(2002) can be attributed to methodological diﬀerences between the two
studies, or the control variables used to match participants with and
without DCD. Disambiguating these possibilities is a promising area for
future research.
3.5. Children born preterm
Children born preterm experience unusually early post-natal visual
stimulation and some researchers have argued that this might lead to
deﬁcits processing certain types of visual information (Birch and
O’Connor, 2001). To explore this possibility, Taylor et al. (2009) ad-
ministered a global motion task and a global form task to twenty-three
children born less than thirty-two weeks gestation (mean age = 7.3 -
years) and twenty full-term controls (mean age = 7.3 years) matched
for verbal IQ and chronological age. The stimuli in the global motion
task were conventional RDKs, whereas the global form task comprised
Glass patterns. Results showed that children born preterm had sig-
niﬁcantly higher coherence thresholds than full-term controls on the
global motion task and the global form task. Interestingly, the eﬀect
size between groups was almost twice as large for the global motion
task (Cohen’s d= 0.61) than the global form task (Cohen’s d= 0.33),
which suggests that children born preterm were impaired to a greater
extent on the global motion task, relative to the global form task. A
second type of analyses conﬁrmed this ﬁnding. Mean deﬁcit scores (i.e.
the ratio between the coherence threshold for a single participant from
the group of children born preterm and the mean coherence threshold
for three typically developing controls who were closest to the preterm
child in chronological age) were calculated for each task. They were
larger than one for the global motion task but not the global form task.
This pattern of results is consistent with the notion that global motion
perception is impaired to a greater extent than global form perception
in children born preterm. However, this type of analysis does not ac-
count for eﬀects of variables such as sex and non-verbal IQ. For ex-
ample, the mean deﬁcit score on the global motion task for a female
participant born preterm may have been severely overestimated if the
three controls with the closest chronological age to her happened to be
male. In addition, Taylor et al. (2009) opted to control for verbal IQ as
opposed to non-verbal IQ. We have already alluded to the fact that
coherence thresholds on global motion tasks are more strongly asso-
ciated with both performance and non-verbal components of IQ than
verbal components (Arranz-Paraíso and Serrano-Pedrazza, 2016;
Johnston et al., 2016; Melnick et al., 2013). Hence, one cannot rule out
the possibility that diﬀerences in non-verbal IQ between participant
groups may have confounded the results of the Taylor et al. (2009)
study.
It is known that children born preterm (especially those of birth
weight less than 1500 g) are at greater risk of developing periven-
tricular leukomalacia (PVL) and other neurological insults than chil-
dren born at full term (Volpe, 2003). Hence, it is unclear if deﬁcits in
the processing of global motion, relative to global form, arise because of
prematurity per se or increased susceptibility to white matter brain
injury. To disentangle these two possibilities Guzzetta et al. (2009)
devised three visual tasks: a global motion task, a global form task, and
a motion-based segmentation task. They gave these tasks to thirteen
children born preterm with PVL (mean age = 10.4 years; mean gesta-
tional age = 30.1 weeks, mean birth weight = 1528 g), thirteen chil-
dren born preterm at low-risk of PVL who had normal ultrasound scans
or minimal white matter abnormalities (mean age = 10.7 years; mean
gestational age = 29.6 weeks, mean birth weight = 1466 g), and thir-
teen full-term controls (mean age = 10.1 years). All groups were mat-
ched for chronological age but not non-verbal IQ. The stimuli in the
global motion task were conventional RDKs, whereas in the global form
task static line segments were orientated to form a concentric pattern.
In the motion-based segmentation task, RDKs were spatially divided
into horizontal segments by constraining dots in adjacent segments to
move in opposing directions (leftwards and rightwards). Participants
had to judge the overall direction of the stimulus in the global motion
task. In contrast, they had to discriminate concentric structure from
stimuli comprising randomly orientated elements in the global form
task. In the motion-based segmentation task, participants had to dis-
criminate spatially divided RDKs from stimuli containing uniform mo-
tion that reversed direction periodically every 240 ms.
Results showed that children born preterm with PVL had sig-
niﬁcantly higher coherence thresholds than full-term controls on the
global motion task (Cohen’s d= 1.89), the global form task (Cohen’s
d= 1.57), and the motion-based segmentation task (Cohen’s d= 1.61).
However, a diﬀerent pattern of results emerged when children born
preterm at low-risk of PVL were considered. They had signiﬁcantly
higher coherence thresholds than full-term controls on the global mo-
tion task (Cohen’s d= 1.37) but not the global form task (Cohen’s
d= 0.72) or the motion-based segmentation task (Cohen’s d= 0.56).
The only signiﬁcant diﬀerences found between children born preterm
with PVL and those at low-risk of PVL were on the global form task
(Cohen’s d= 1.4) and the motion-based segmentation task (Cohen’s
d= 1.57). These results suggest that children born prematurely with
white matter brain injury have a more general visual deﬁcit than
children born prematurely at low-risk of PVL. It could be argued that
the motion-based segmentation task used in this study did not provide a
sensitive measure of object segmentation as participants could have
based their decision strategy on each trial by identifying the stimulus
containing uniform motion. However, this does not appear to have been
the case at least for children born preterm at low-risk of PVL. They had
elevated coherence thresholds on the global motion task and they
would be expected to exhibit impaired performance on the motion-
based segmentation task if this strategy had been adopted to identify
the spatially divided pattern. In addition, Guzzetta et al. (2009) did not
control for non-verbal IQ. This raises the possibility that the diﬀerent
pattern of performance observed in children born preterm with PVL and
those at low-risk of PVL could be attributed to diﬀerences in non-verbal
IQ. Although the two preterm groups were not well matched for birth
weight, evidence suggests that birth weight is not signiﬁcantly asso-
ciated with performance on global motion tasks (Taylor et al., 2009).
Hence, the diﬀerent pattern of results observed in preterm children
with PVL and those at low-risk of PVL is unlikely to reﬂect diﬀerences
in birth weight across the participant groups.
In summary, global motion perception may be impaired to a greater
extent than global form perception in children born preterm, but only
when they are at low risk of PVL. Children born preterm with PVL
appear to exhibit a more general deﬁcit, which manifests as a diﬃculty
on a wide range of visual tasks (Guzzetta et al., 2009). However there is
a need for future studies to control for potential diﬀerences in non-
verbal IQ, when comparing the visual abilities of preterm born children
born with and without PVL, to conﬁrm the robustness of these pre-
liminary ﬁndings.
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4. Why do selective visual deﬁcits arise in clinical populations?
4.1. The dorsal stream vulnerability hypothesis
Approximately 40% of the studies cited in this review found that
individuals with neurodevelopmental disorders and children born pre-
term have a selective deﬁcit in the processing of global motion, relative
to global form (Table 1). Arguably, the most popular theory that has
been proposed to explain why such a pattern of impairment might arise
is the dorsal stream vulnerability hypothesis (Atkinson and Braddick,
2013; Braddick et al., 2003; Braddick and Atkinson, 2011). As pre-
viously mentioned, this theory assumes that two anatomically distinct
and functionally independent processing streams can be discerned in
primate cortex (Goodale and Milner, 1992; Milner and Goodale, 1995;
Mishkin et al., 1983; Ungerleider and Mishkin, 1982). The dorsal
stream is thought to play a major role in processing the global motion of
objects, spatial cognition and visual motor planning, whereas the ven-
tral stream has been implicated in global form perception, visual
memory and object recognition. The dorsal stream is thought to be
more susceptible to damage and disruption during development than
the ventral stream because magnocellular cells, which are thought to
provide predominant input to the dorsal stream are larger and fewer in
number than parvocellular cells, which are thought project to the
ventral stream (Grinter et al., 2010). Even though there appears to be
considerable mixing of magnocellular and parvocellular inputs in visual
cortex (Nassi and Callaway, 2009; Sincich and Horton, 2005;
Vidyasagar et al., 2002) it has been suggested that the primary origin of
visual impairment across a range of neurodevelopmental disorders and
children born preterm is the same and reﬂects vulnerability to dorsal
stream processing (Atkinson and Braddick, 2013; Braddick et al., 2003;
Braddick and Atkinson, 2011).
Dorsal stream vulnerability is claimed to manifest as a selective
deﬁcit on global motion tasks but not global form tasks (Atkinson and
Braddick, 2013; Braddick et al., 2003; Braddick and Atkinson, 2011).
However, we have shown that this pattern of impairment is not ob-
served in all neurodevelopmental disorders and children born preterm,
a ﬁnding that questions the generality of the dorsal stream vulnerability
hypothesis. Even when selective deﬁcits in the processing of global
motion, relative to global form have been found it is often equivocal as
to whether they can be directly attributed to neurodevelopment per se
or other factors that are known to be associated with performance on
global motion tasks such as sex and non-verbal IQ (Table 1). In addi-
tion, very recent research has cast doubt on whether global motion and
global form tasks can be relied upon to clearly dissociate activity in the
dorsal and ventral processing streams, respectively. Two studies have
shown that coherence thresholds on global motion tasks and global
form tasks are signiﬁcantly and positively correlated in the general
population (Braddick et al., 2016; Johnston et al., 2016). Although this
relationship could arise for several reasons and/or be mediated by a
third variable such as non-verbal IQ, sex, and attention, these results
challenge the independence of the putative dorsal and ventral proces-
sing streams. They may be indicative of either some degree of cross-talk
or a later common processing stage that serves to bind distinct object
properties into a global percept. Indeed, evidence suggests that the
dorsal and ventral processing streams interact in areas such as superior
temporal sulcus, the fusiform face area, and potentially also at lower
levels of visual processing (Cloutman, 2013; Freud et al., 2016; Giese
and Poggio, 2003; Gilaie-Doton, 2016; Himmelbach and Karnath, 2005;
Keizer et al., 2008). Hence, alternative explanations for why deﬁcits in
the processing of global motion, relative to global form, arise in several
neurodevelopmental disorders and children born preterm need to be
considered.
4.2. The anchoring-deﬁcit hypothesis
The anchoring-deﬁcit hypothesis (Ahissar et al., 2006; Ahissar,
2007) was initially proposed to explain the underlying nature of the
sensory deﬁcit in developmental dyslexia but it could also be applied to
other clinical populations. This framework assumes that a perceptual
anchor can be formed to reduce perceptual memory load on both au-
ditory and visual tasks in which comparisons have to made across se-
quentially presented stimuli. In all the studies mentioned above, par-
ticipants viewed RDKs and static form stimuli that changed coherence
on every trial to determine a threshold level of performance. They had
to discriminate these patterns from “noise” stimuli that only ever con-
tained randomly moving dots or randomly orientated form cues. Across
the duration of these tasks, participants could have learned these sta-
tistical properties and used the invariant noise stimuli to form a per-
ceptual anchor. If individuals with neurodevelopmental disorders and
children born preterm have a deﬁcit forming or utilising a perceptual
anchor to reduce the load of online retention they should exhibit im-
paired performance on both visual tasks. There is evidence to suggest
that individuals with Williams Syndrome (Atkinson et al., 2006), DCD
(Sigmundsson et al., 2003), and children born prematurely with PVL
(Guzzetta et al., 2009) have elevated coherence thresholds on global
motion and global form tasks (Table 1). An interesting question for
future research is whether or not the underlying nature of the visual
impairment in these neurodevelopmental disorders reﬂects a deﬁcit
forming or utilising a perceptual anchor.
4.3. The noise exclusion hypothesis
Another theory that has been proposed to explain the origin of the
visual impairment in readers with dyslexia is the noise exclusion hy-
pothesis (Sperling et al., 2005, 2006). Like the anchoring-deﬁcit hy-
pothesis, this framework can also be applied to other neurodevelop-
mental disorders and children born very preterm. The noise exclusion
hypothesis assumes that visual deﬁcits arise from a diﬃculty in segre-
gating signal from noise elements. This would manifest as impaired
performance on global motion and global form tasks in which stimulus
coherence is varied, as high levels of external noise are present in both
tasks. Hence, the predictions made by the noise exclusion hypothesis
are similar to those made by the anchoring-deﬁcit hypothesis. That is,
individuals with neurodevelopmental disorders and children born pre-
term should exhibit impaired performance on both global motion and
global form tasks. We have already shown that this may be the case in
Williams Syndrome, DCD and children born prematurely with PVL
(Table 1). Hence, the origin of the visual impairment in these neuro-
developmental disorders could reﬂect either a deﬁcit with perceptual
anchoring or external noise exclusion.
4.4. Genetic studies
A further explanation is that deﬁcits in the processing of global
motion might reﬂect genotypic variation (Gori et al., 2015a; Morrone
et al., 2011). Cicchini et al. (2015) found that readers with dyslexia, for
example, who had a deletion on intron 2 of the DCDC2 gene, were
impaired to a greater extent on a motion discrimination task using
drifting sinusoidal gratings than readers with dyslexia who did not have
the genotypic deletion. A conventional global motion task was also
administered and results showed that coherence thresholds were sig-
niﬁcantly higher in readers with dyslexia who had the deletion on
DCDC2 than typically developing controls who did not have the dele-
tion. However, the authors did not perform the critical comparison
between readers with dyslexia who had the genotypic deletion and
those for whom it was not present, so it is indeterminate if the beha-
vioural result is indicative of DCDC2 deletion or dyslexia. No global
form task was administered but these ﬁndings raise the possibility that
visual deﬁcits in various neurodevelopmental disorders and children
born preterm might reﬂect genotypic variation. There has been a rise in
the number of genetic studies exploring visual processing in neurode-
velopmental disorders presumably because more is known about the
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neural mechanisms underlying visual perception than other psycholo-
gical and cognitive markers (Goodbourne et al., 2014). Although gen-
otypical variation might explain why deﬁcits in the processing of global
motion arise in some clinical populations, at this point in time we know
too little about this and further research is needed.
5. Recent psychophysical evidence
In order to gain a better understanding of why deﬁcits in the pro-
cessing of global motion, relative to global form, might arise it is im-
portant to consider carefully the demands that global motion tasks and
global form tasks place on the human visual system. For example,
global motion tasks require the precise registration and orchestration of
temporal information in the brain, whereas global form tasks do not.
Thus, a diﬃculty processing visual cues that are changing sequentially
over time could underlie the visual deﬁcit in some neurodevelopmental
disorders or children born preterm. In addition, global motion tasks are
traditionally more complex than global form tasks. In global motion
tasks, local visual cues have to be integrated across two dimensions of
space and over time, whereas in global form tasks local cues only have
to be pooled across two dimensions of space. Hence, there are at least
three possible reasons why a deﬁcit in the processing of global motion,
relative to global form, might arise. It could reﬂect a diﬃculty pro-
cessing either motion, temporal information, or integrating local visual
cues across multiple (> 2) dimensions.
To disentangle these possibilities in readers with dyslexia, Johnston
et al. (2016) devised four, new, diagnostic global motion and global
form tasks: a random-dot global motion task comprising conventional
RDKs, a spatially one-dimensional (1-D) global motion task, a
comparable static global form task, and a temporally-deﬁned global
form task (Fig. 1). These tasks were administered to a large sample
(N= 106) of adults with a wide range of reading abilities. Participants
had to judge the overall direction (upwards or downwards) of the sti-
muli in the global motion tasks, whereas in the global form tasks they
had to judge the overall orientation (vertical or horizontal) of the sti-
muli. The visual tasks were speciﬁcally designed to reveal the under-
lying nature of the visual deﬁcit in adults with developmental dyslexia.
Thus, several predictions could be made (Fig. 2). Firstly, if readers with
dyslexia have a general diﬃculty with the processing of global motion
they would be expected to have signiﬁcantly higher coherence thresh-
olds than good readers on the two global motion tasks: the random-dot
global motion task and the spatially 1-D global motion task. If, on the
other hand, they have diﬃculty processing temporal information, they
would be expected to have signiﬁcantly higher coherence thresholds on
the tasks necessitating precise encoding of time varying information:
the random-dot global motion task, the spatially 1-D global motion task
and the temporally-deﬁned global form task. Finally, if readers with
dyslexia have a diﬃculty with computationally demanding visual tasks,
they would be expected to have signiﬁcantly higher coherence thresh-
olds than good readers on the tasks requiring local visual cues to be
integrated across multiple (> 2) dimensions: the random-dot global
motion task and the temporally-deﬁned global form task.
Results were similar across a series of continuous analyses, con-
ducted to investigate if general reading skills in the entire sample were
associated with coherence thresholds on the four visual tasks, and a
series of between-group analyses, conducted to explore if performance
diﬀered across readers with poor phonological decoding skills, con-
sistent with dyslexic proﬁle, and relatively good readers. In support of
Fig. 1. Schematic illustration of the (A) random-dot global motion task,
(B) spatially 1-D global motion task, (C) static global form task, and (D)
temporally-deﬁned global form task. Note that the spatial structure in the
temporally-deﬁned global form task arises from the asynchronous jittering
of individuals dots over time giving rise to a perceptual boundary. Thus, it
cannot be accurately depicted in this ﬁgure.
Adapted from Johnston et al. (2016).
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previous studies, both generally poor readers and individuals who met
conventional criteria for dyslexia had signiﬁcantly higher coherence
thresholds than relatively good readers on the random-dot global mo-
tion task (Cohen’s d= 0.59) and the spatially 1-D global motion task
(Cohen’s d= 0.42) but not the static global form task (Cohen’s
d= 0.06) (Conlon et al., 2009; Hansen et al., 2001; Kevan and
Pammer, 2009). However, crucially, and in contrast to previous re-
search, both groups of poor readers also exhibited impaired perfor-
mance on the temporally-deﬁned global form task (Cohen’s d= 0.55).
These ﬁndings demonstrate that adult poor readers have diﬃculty
processing temporal information rather than motion per se, consistent
with some previous ﬁndings (see Famer and Klein, 1995 for review).
They are theoretically important and speak directly to the debate as to
whether dyslexia is best-deﬁned as the lower-end of a normal dis-
tribution of reading ability or a distinct type of reading diﬃculty that is
associated with poor phonological decoding skills (Fletcher, 2009). The
similar pattern of results observed in generally poor readers and in-
dividuals with developmental dyslexia implies that performance on
low-level visual tasks cannot diﬀerentiate these two groups of adult
readers.
The underlying nature of the visual deﬁcit in diﬀerent neurodeve-
lopmental disorders and children born preterm is unlikely to be the
same. As the tasks developed by Johnston et al. (2016) have been
shown to be eﬀective in diﬀerentiating competing hypotheses as to the
nature of the visual impairment observed in developmental dyslexia,
their application to other neurodevelopmental disorders and children
born preterm could be of similar value. In addition, comparing results
of continuous and between-group analyses in each case could also help
address similar, theoretically important questions of dimensionality/
discreteness (Moreno-De-Luca et al., 2013). We suggest that some of the
discrepancies in the literature that are highlighted above might reﬂect
the wide range of diagnostic criteria that have been used across studies.
Performing continuous rather than between-group analyses means that
decisions regarding controversial deﬁnitional criteria and categorical
assignment of participants do not have to be made. Adopting this type
of experimental design might also enhance statistical power and in-
crease the so-called positive predictive value i.e. the likelihood that a
positive research ﬁnding represents a genuine eﬀect. Low sample size
has been put forward as a major contributing factor to the lack of re-
producibility that currently abides in the neurosciences (Button et al.,
2013; Loannidis, 2005; Munafò et al., 2017) and is prevalent in the
studies reported here (see Table 1).
6. Sex
Throughout this review we have highlighted how the sex of an in-
dividual can inﬂuence performance on global motion tasks. There is
some evidence to suggest that females typically have higher global
motion thresholds than males but those studies that have investigated
this issue have focussed primarily on the ageing visual system (Billino
et al., 2008; see Hutchinson et al., 2012 for review; Snowden and
Kavanagh, 2006). Interestingly, sex was a strong predictor of coherence
thresholds on the random-dot global motion task used by Johnston
et al. (2016), as results showed that for participants in early adulthood
(mean age = 22.02 ± 5.21years) females overall had signiﬁcantly
higher coherence thresholds than males. However, no signiﬁcant as-
sociation was found between sex and performance on the static global
form task, the spatially 1-D global motion task, or the temporally-de-
ﬁned global form task. These results extend those of previous studies as
they show that sex diﬀerences on random-dot global motion tasks are
not simply a consequence of diﬀerential visual decline in ageing. Sev-
eral studies have sought to elucidate the origin of sex diﬀerences on
low-level visual perception tasks (Hutchinson et al., 2014b) and it has
been suggested that they might reﬂect left-right asymmetries in
Fig. 2. Predicting performance on the four global motion and global form tasks in Johnston et al. (2016). Red = clinical population expected to have signiﬁcantly higher coherence
thresholds than controls. Green = no signiﬁcant diﬀerence expected between clinical population and controls. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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hemispheric specialisation. To explore this issue, Kaufmann et al.
(2001) asked participants to view ﬂickering chequerboard patterns in-
side a magnetic resonance imaging (MRI) scanner. The BOLD response
in right V5/MT was signiﬁcantly larger in females than males. Hor-
monal diﬀerences might provide an explanation for this result as per-
formance on low-level visual tasks ﬂuctuates during the course of the
menstrual cycle (Wong and Tong, 1974; Ward et al., 1978; Symons
et al., 1990). However, no signiﬁcant diﬀerence in BOLD response was
found in right V5/MT when Kaufmann et al. (2001) compared women
who took the contraceptive pill with those for whom it was not pre-
scribed. This ﬁnding suggests that sex diﬀerences in visual perception
reﬂect chromosomal sex composition rather than varying hormone le-
vels. Research involving participants with complete androgen in-
sensitivity syndrome (CAIS) could be used to further tease apart these
possibilities (van Hemmen et al., 2014). Individuals with this rare ge-
netic disorder have an XY karyotype but cannot respond to testosterone
and subsequently develop a female phenotype (Oakes et al., 2008).
Post-mortem studies have also been carried out to explore the
neurophysiological correlates of sex diﬀerences in visual processing.
Amunts et al. (2007) obtained measurements of volume and surface
area in a cytoarchitectonic area known as hOc5 (Malikovic et al., 2007).
This brain region might correspond to extrastriate area V5/MT
(Barnikol et al., 2006; Wilms et al., 2005). Results showed that hOc5
was signiﬁcantly smaller in the right hemisphere of females than males,
consistent with some previous ﬁndings (De Lacoste et al., 1991; Kovalev
et al., 2003). It was suggested that this left-right asymmetry might
provide males with additional neural resources or ‘space’ for the pro-
cessing of computationally demanding visual stimuli. A direct predic-
tion of this hypothesis is that females should exhibit better performance
on RDK tasks when the stimuli are presented in the right visual ﬁeld
(left hemisphere) than the left visual ﬁeld (right hemisphere). This in-
teresting hypothesis is currently untested but it could be explored in
future research.
Regardless of the neural substrate, that females have signiﬁcantly
higher coherence thresholds than males on global motion tasks has
important implications for research exploring visual processing in
clinical populations. It could explain discrepancies between studies and
in particular why some research has failed to uncover deﬁcits in the
processing of global motion, relative to global form, in some neurode-
velopmental disorders, as many studies have neglected to take sex into
account. We have already suggested that a signiﬁcant group diﬀerence
between children with dyslexia and relatively good readers in the study
by Milne et al. (2006) may have been masked by a marked imbalance
between males and females in the participant groups. However, the
opposite could also be true. Eﬀect size is likely to have been ex-
aggerated if the ratio of males to females is markedly higher in the
control group than the clinical population. Half of the studies cited here
that have uncovered deﬁcits in the processing of global motion relative
to global form, have failed to report sex ratios in participant groups
(Table 1), which means this possibility cannot be ruled out and is a
promising area for future scientiﬁc study.
7. Non-verbal IQ
An important factor that has been highlighted throughout this re-
view is the role of non-verbal IQ on performance of global motion tasks.
A growing body of research has shown that non-verbal IQ is sig-
niﬁcantly associated with task performance (Arranz-Paraíso and
Serrano-Pedrazza, 2016; Melnick et al., 2013). The results of Johnston
et al. (2016) corroborate these ﬁndings as the strongest predictor of
coherence thresholds on the random-dot global motion task and the
spatially 1-D global motion task was non-verbal IQ. Individuals with a
lower IQ performed worse than those with a higher IQ. Why non-verbal
IQ was not signiﬁcantly associated with coherence thresholds on the
two global form tasks is currently unclear. It could be argued that global
motion tasks are more likely to activate neurons in V5/MT than global
form tasks. A large proportion of these cells exhibit centre-surround
antagonism (i.e. reduced activation when a large, high-contrast sti-
mulus extends beyond the classical receptive ﬁeld) and it has been
suggested that individuals with a higher IQ have an enhanced ability to
suppress ecologically less relevant information (Melnick et al., 2013).
However, centre-surround interactions also occur in brain regions that
have been implicated in the processing of global form (Cheng et al.,
1994; Desimone and Schein, 1987). Thus, individuals with a higher IQ
should have performed better than individuals with a lower IQ on all
four visual tasks in Johnston et al. (2016) if they are better able to
suppress less-meaningful visual cues.
The fact that non-verbal IQ is a signiﬁcant predictor of coherence
thresholds on global motion tasks but not global form tasks has further
implications for studies investigating visual perception in clinical po-
pulations. As previously mentioned, Koldewyn et al. (2010) found that
adolescents with ASD had signiﬁcantly higher coherence thresholds
than typically developing controls on a global motion task but not a
global form task. The eﬀect disappeared when IQ was entered into the
analyses as a covariate. Some argue that it is “misguided and un-
justiﬁed” to partial out IQ when studying neurocognitive function in
developmental disorders (Dennis et al., 2009). It has been suggested
that IQ represents a global outcome measure that is directly attributable
to, and confounded by, the neurodevelopmental disorder. When in-
vestigating the processing of global motion and global form, we believe
it is critical to control for non-verbal IQ because recent research has
conﬁrmed that a strong link exists between this variable and perfor-
mance on global motion tasks even in the general population (Arranz-
Paraíso and Serrano-Pedrazza, 2016; Cook et al., 2016; Johnston et al.,
2016; Koldewyn et al., 2010; Melnick et al., 2013). Half of the studies
that have found deﬁcits in the processing of global motion, relative to
global form, either did not control for non-verbal IQ, or only matched
groups on the basis of verbal IQ, the latter of which is not associated
with performance on global motion tasks (Arranz-Paraíso and Serrano-
Pedrazza, 2016). This is likely to have confounded results and con-
tributed to the inconsistencies reported across the studies we have cited
in this review (Table 1).
8. The need for a new theoretical framework
In light of new psychophysical evidence it appears that a novel
theoretical framework of visual processing in neurodevelopmental
disorders is needed. Although deﬁcits in the processing of global mo-
tion, relative to global form, have been found in some neurodevelop-
mental disorders and children born preterm, there is a great deal of
inconsistency in the literature. In addition, it is unclear if the results of
studies that have uncovered such a pattern of impairment reﬂect dif-
ferences in factors that are known to be associated with performance on
global motion tasks such as sex and non-verbal IQ. Task and stimulus
parameters also diﬀer between studies to an extent that makes a proper
comparison diﬃcult. To operate eﬀectively in the world the visual
system has to satisfy the competing constraints of integrating features
that belong to a common object, whilst segmenting those arising from
diﬀerent objects (Albright and Stoner, 1995; Braddick, 1993;
Nakayama, 1985). Integration and segmentation are thus opposite ends
of a continuum and may well be mediated by distinct mechanisms that
are diﬀerentially susceptible to impairment during development. Five
of the studies we have reviewed administered a motion-based seg-
mentation task, rather than a straightforward motion-integration task
(Table 1). In those studies, participants had to discriminate spatially
divided random-dot stimuli from patterns containing uniform motion
that reversed direction periodically. That individuals with Williams
Syndrome (Atkinson et al., 1997, 2006), ASD (Spencer et al., 2000),
DCD (O’Brien et al., 2002), and children born preterm with PVL
(Guzzetta et al., 2009) exhibited impaired performance on this task,
relative to typically developing controls implies that the underlying
nature of the visual deﬁcit in these neurodevelopmental disorders
R. Johnston et al. Neuroscience and Biobehavioral Reviews 83 (2017) 32–45
42
might extent to object segmentation. However, segment size was ﬁxed
in all of the studies mentioned above and research has shown that co-
herence thresholds on motion-based segmentation tasks are dependent
upon segment size (Burr et al., 2006; Johnston et al., 2017; Watson and
Eckert, 1994; van Doorn and Koenderink, 1982). In addition, partici-
pants could have based their decision on each trial by identifying the
uniform pattern, leaving open the possibility that impaired perfor-
mance might reﬂect the known diﬃculty with global motion (integra-
tion) rather than segmentation. A recent study by Johnston et al. (2017)
addressed these issues in developmental dyslexia. Two motion and form
tasks, designed to provide a sensitive measure of object segmentation,
were administered to thirty-eight adults with a wide range of reading
abilities. Participants viewed a random-dot display divided spatially
into horizontal segments. Adjacent segments contained either local
motions in opposing directions or analogous static form cues depicting
orthogonal orientations. They discriminated this stimulus from one
containing identical motion or form cues that were spatially inter-
mingled. Results showed that generally poor readers and individuals
with dyslexia exhibited a diﬀerent pattern of performance to relatively
good readers on the motion-based but not the form-based segmentation
task. Speciﬁcally, coherence thresholds decreased as segment size in-
creased, but for the motion task the rate of improvement was shallower
for the poorest readers and the segment size at which performance
became asymptotic was larger. Johnston et al. (2017) showed, using a
biologically-motivated model of spatial segmentation, that this pattern
of impairments is consistent with a deﬁcit involving spatial scale se-
lection. That is, there is a mismatch between the spatial scale of the
visual mechanism used to solve this task and the movement information
available in the stimulus. An important avenue for future research is to
explore whether visual perception in other neurodevelopmental dis-
orders, and children born preterm, is also limited by sub-optimal scale
selection.
The neural mechanisms underlying spatial scale selection are cur-
rently unknown but neurophysiological studies have shown that re-
ceptive ﬁeld size of cells in extrastriate visual areas including V5/MT
and V4 is dynamic rather than hard-wired (Womelsdorf et al., 2006,
2008; Treue and Martinez-Trujillo, 2012). These neurons also exhibit
centre-surround antagonism, a property that has been implicated in
object segmentation (Allman et al., 1985; Born and Tootell, 1992; Born
et al., 2000; Cox et al., 2013; Pack et al., 2005; Tadin, 2015). How these
adaptive receptive ﬁeld properties mediate scale selection is a pro-
mising area for future scientiﬁc study in non-human primates. Research
is also needed to explore if scale selection operates in a bottom-up
manner or whether it is mediated by top-down signals from attentional
control sites (Hopf et al., 2006).
9. Summary and future directions
In this review, we have shown that some individuals with neuro-
developmental disorders and children born preterm have a selective
deﬁcit in the processing of global motion but not global form. However,
there are discrepancies in the literature, which might reﬂect the fact
that research exploring visual processing in these disorders has often
neglected to control for factors that are known to be associated with
performance on global motion tasks such as sex and non-verbal IQ.
Several theories have been proposed to explain why deﬁcits in the
processing of global motion, relative to global form might arise but
these are diﬃcult to reconcile with recent psychophysical evidence that
we have brought to the forefront. In addition, we have described four
new, global motion and global form tasks that have been successful in
elucidating the underlying nature of the visual impairment in dyslexia.
We believe that their application to other neurodevelopmental dis-
orders and children born preterm is timely and could be of similar
value. The lack of consistency across studies that have explored the
processing of global motion and global form in neurodevelopmental
disorders and children born preterm implies that a new theoretical
framework is needed. Recent work has shown that visual perception in
readers with dyslexia is limited by sub-optimal scale selection and we
have proposed that a similar impairment might arise in other clinical
populations. Although sub-optimal scale selection would manifest pri-
marily as a diﬃculty with object segmentation, it could also explain
why deﬁcits in the processing of global motion have been found in
neurodevelopmental disorders and children born preterm. Elucidating
the neural and computational mechanisms underlying scale selection
would greatly enhance our knowledge of visual processing in clinical
populations. We believe this is an exciting area for future scientiﬁc
study. It has wide-reaching implications and will help elucidate the
critical role played by vision in human brain development.
Acknowledgement
This work was supported by a PhD studentship awarded to R.J.
N.W.R. was supported by the Wellcome Trust [grant number
WT097387].
References
Ackman, J.B., Burbridge, T.J., Crair, M.C., 2012. Retinal waves coordinate patterned
activity throughout the developing visual system. Nature 490, 219–255.
Ahissar, M., Lubin, Y., Putter-Katz, H., Banai, K., 2006. Dyslexia and the failure to form a
perceptual anchor. Nat. Neurosci. 12, 1558–1564.
Ahissar, M., 2007. Dyslexia and the anchoring-deﬁcit hypothesis. Trends. Cogn. Sci.
11, 11.
Albright, T.D., Stoner, G.R., 1995. Visual motion perception. Proc. Natl. Acad. Sci. U. S. A.
92, 2433–2440.
Albright, T.D., 1984. Direction and orientation selectivity of neurons in visual area MT of
the macaque. J. Neurophysiol. 52, 1106–1130.
Allman, J., Miezin, F., McGuinness, E., 1985. Stimulus speciﬁc responses from beyond the
classical receptive ﬁeld: neurophysiological mechanisms for local-global comparisons
in visual neurons. Annu. Rev. Neurosci. 8, 407–430.
Amunts, K., Armstrong, E., Malikovic, A., Ho, L., Mohlberg, H., Schleicher, A., 2007.
Gender-speciﬁc left–right asymmetries in human visual cortex. J. Neurosci. 27,
1356–1364.
Anker, S., Atkinson, J., 1997. Visual acuity measures in a sample of Williams’ syndrome.
Perception 26, 763.
Arranz-Paraíso, S., Serrano-Pedrazza, I., 2016. Is there a correlation between psycho-
physical visual surround suppression and IQ? Perception 45, 239.
Atkinson, J., Braddick, O., 2013. Inferences about infants’ visual brain mechanisms. Vis.
Neurosci. 30, 185–195.
Atkinson, J., King, C.A.J., Braddick, O., Nokes, L., Anker, S., Braddick, F., 1997. A speciﬁc
deﬁcit of dorsal stream function in Williams’ syndrome. Neuroreport 8, 1919–1922.
Atkinson, J., Braddick, O., Anker, S., Curran, W., Andrew, R., Wattam-Bell, J., Braddick,
F., 2003. Neurobiological models of visuospatial cognition in children with Williams
syndrome: measures of dorsal-stream and frontal function. Dev. Neuropsychol. 23,
139–172.
Atkinson, J., Braddick, O., Rose, F.E., Searcy, Y.M., Wattam-Bell, J., Bellugi, U., 2006.
Dorsal-stream motion processing deﬁcits persist into adulthood in Williams syn-
drome. Neuropsychologia 44, 828–833.
Barlow, H., Tripathy, S.P., 1997. Correspondence noise and signal pooling in the detec-
tion of coherent visual motion. J. Neurosci. 17, 7954–7966.
Barnikol, U.B., Amunts, K., Dammers, J., Mohlberg, H., Fieseler, T., Malikovic, A., Zilles,
K., Niedeggen, M., Tass, P.A., 2006. Pattern reversal visual evoked responses of V1/
V2 and V5/MT as revealed by MEG combined with probabilistic cytoarchitectonic
maps. Neuroimage 31, 86–108.
Bertone, A., Mottron, L., Jelenic, P., Faubert, J., 2003. Motion perception in autism: a
complex issue. J. Cogn. Neurosci. 15, 218–225.
Billino, J., Bremmer, F., Gegenfurtner, K.R., 2008. Diﬀerential aging of motion processing
mechanisms: evidence against general perceptual decline. Vis. Res. 48, 1254–1261.
Birch, E.E., O’Connor, A.R., 2001. Preterm birth and visual development. Semin.
Neuonatol. 6, 487–497.
Born, R.T., Bradley, D.C., 2005. Structure and function of visual area MT. Annu. Rev.
Neurosci. 28, 157–189.
Born, R.T., Tootell, R.B., 1992. Segregation of global and local motion processing in
primate middle temporal visual area. Nature 357, 497–499.
Born, R.T., Groh, J.M., Zhao, R., Lukasewycz, S.J., 2000. Segregation of object and
background motion in visual MT: eﬀects of microstimulation on eye movements.
Neuron 26, 725–734.
Braddick, O.J., Atkinson, J., 1995. Visual and visuo-spatial development in young
Williams Syndrome children. Invert. Opthamol. Vis. Sci. 36, S954.
Braddick, O., Atkinson, J., 2011. Development of human visual function. Vis. Res. 51,
1588–1609.
Braddick, O.J., O’Brien, J.M.D., Wattam-Bell, J., Atkinson, J., Turner, R., 2000. Form and
motion coherence activate independent but not dorsal/ventral segregated, networks
in the human brain. Curr. Biol. 10, 731–734.
Braddick, O., Atkinson, J., Wattam-Bell, J., 2003. Normal and anomalous development of
R. Johnston et al. Neuroscience and Biobehavioral Reviews 83 (2017) 32–45
43
visual motion processing: motion coherence and dorsal-stream vulnerability.
Neuropsychologia 41, 1769–1784.
Braddick, O., Atkinson, J., Newman, E., Akshoomoﬀ, N., Kuperman, J.M., Bartsch, H.,
Chen, C.H., Dale, A.M., Jernigan, T.L., 2016. Global visual motion sensitivity: asso-
ciations with parietal area and children’s mathematical cognition. J. Cogn. Neurosci.
26, 1–12.
Braddick, O., 1993. Segmentation versus integration in visual motion processing. Trends
Neurosci. 16, 263–268.
Britten, K.H., Shadlen, M.N., Newsome, W.T., Movshon, J.A., 1992. The analysis of visual
motion: a comparison of neuronal and psychophysical performance. J. Neurosci. 12,
4745–4765.
Burr, D., McKee, S., Morrone, C.M., 2006. Resolution for spatial segregation and spatial
localization by motion signals. Vis. Res. 46, 932–939.
Burton, E.A., Wattam-Bell, J., Rubin, G.S., Atkinson, J., Braddick, O., Nardini, M., 2015.
The eﬀect of blur on cortical responses to global form and motion. J. Vis. 15, 12.
Burton, E., Wattam-Bell, J., Rubin, G.S., Atkinson, J., Braddick, O., Nardini, M., 2016.
Cortical processing of global form, motion and biological motion under low light
levels. Vis. Res. 121, 39–49.
Button, K.S., Loannidis, J.P.A., Mokrysz, C., Nosek, B.A., Flint, J., Robinson, E.S.J.,
Munafò, M.R., 2013. Power failure: why small sample size undermines the reliability
of neuroscience. Nat. Rev. Neurosci. 14, 365–376.
Casagrande, V.A., 1994. A third parallel visual pathway in primate area V1. Trends
Neurosci. 17, 305–310.
Cavanagh, P., Mather, G., 1989. Motion. The long and short of it. Spat. Vis. 4, 103–129.
Chen, M., Li, P., Zhu, S., Han, C., Xu, H., Fang, Y., Hu, J., Roe, A.W., Lu, H.D., 2014. An
orientation map for motion boundaries in macaque V2. Cereb. Cortex 279–287.
Cheng, K., Hasegawa, T., Saleem, K.S., Tanaka, K., 1994. Comparison of neuronal se-
lectivity for stimulus speed, length, and contrast in the prestriate visual cortical areas
V4 and MT of macaque monkey. J. Neurophysiol. 71, 2269–2280.
Cicchini, G.M., Marino, C., Mascheretti, S., Perani, D., Morrone, M.C., 2015. Strong
motion deﬁcits in dyslexia associated with DCDC2 gene alteration. J. Neurosci. 35,
8059–8064.
Cloutman, L.L., 2013. Interaction between dorsal and ventral processing streams: where,
when and how? Brain Lang. 127, 251–263.
Conlon, E.G., Sanders, M.A., Wright, C.M., 2009. Relationships between global motion
and global form processing, practice, cognitive and visual processing in adults with
dyslexia or visual discomfort. Neuropsychologia 47, 907–915.
Cook, E., Hammett, S.T., Larsson, J., 2016. GABA predicts intelligence. Neurosci. Lett.
632, 50–54.
Cox, M.A., Schmid, M.C., Peters, A.J., Saunders, R.A., Leopold, D.A., Maier, A., 2013.
Receptive ﬁeld focus of visual area V4 neurons determines responses to illusory
surfaces. Proc. Natl. Acad. Sci. U. S. A. 15, 17095–17100.
Dakin, S.C., Bex, P.J., 2002. Summation of concentric orientation structure: seeing the
glass or the window? Vis. Res. 42, 2013–2020.
Day, A.M., Palomares, M., 2014. How temporal frequency aﬀects global form coherence
in glass patterns. Vis. Res. 95, 18–22.
De Lacoste, M.C., Horvath, D.S., Woodward, D.J., 1991. Possible sex diﬀerences in the
developing human fetal brain. J. Clin. Exp. Neuropsychol. 13, 831–846.
Dehaene, S., Cohen, L., Morais, J., Kolinsky, R., 2015. Illiterate to literate: behavioural
and cerebral changes induced by reading acquisition. Nat. Rev. Neurosci. 16,
234–244.
Dennis, M., Francis, D., Cirino, P., Barnes, M., Fletcher, J., 2009. Why IQ is not a covatiate
in cognitive studies of neurodevelopmental disorders. J. Int. Neuropsychol. Soc. 15,
331–343.
Derrington, A.M., Lennie, P., 1984. Spatial and temporal contrast sensitivities of neurones
in lateral geniculate nucleus of macaque. J. Physiol. 357, 219–240.
Desimone, R., Schein, S.J., 1987. Visual properties of neurons in area V4 of the macaque:
sensitivity to stimulus form. J. Neurophysiol. 57, 835–868.
Eden, G.F., vanMeter, J.W., Rumsey, J.M., Maisog, J.M., Woods, R.P., Zeﬃro, T.A., 1996.
Abnormal processing of visual motion in dyslexia revealed by functional brain ima-
ging. Nature 382, 66–69.
Ewart, A.K., Morris, C.A., Atkinson, D., Jin, W., Sternes, K., Spallone, P., et al., 1993.
Hemizygosity at the elastin locus in a developmental disorder, Williams syndrome.
Nat. Genet. 5, 11–16.
Famer, M.E., Klein, R.M., 1995. The evidence for a temporal processing deﬁcit linked to
dyslexia: a review. Psychon. Bull. Rev. 2, 460–493.
Ferrera, V.P., Rudolph, K.K., Maunsell, J.H.R., 1994. Responses of neurons in parietal and
temporal visual pathways during a motion task. J. Neurosci. 14, 6171–6186.
Fletcher, J.M., 2009. Dyslexia: the evolution of a scientiﬁc concept. J. Int. Neuropsychol.
Soc. 15, 501–508.
Freud, E., Plaut, D.C., Behrmann, M., 2016. What is happening in the dorsal visual
pathway. Trends Cogn. Sci. 20, 773–784.
Giese, M.A., Poggio, T., 2003. Neural mechanisms for the recognition of biological
movements. Nat. Rev. Neurosci. 4, 179–192.
Gilaie-Doton, S., 2016. Visual motion serves but is not under the purview of the dorsal
pathway. Neuropsychologia 89, 378–392.
Glass, L., 1969. Moire eﬀect from random dots. Nature 223, 578–580.
Goodale, M.A., Milner, A.D., 1992. Separate visual pathways for perception and action.
Trends Neurosci. 15, 20–25.
Goodbourne, P.T., Bosten, J.M., Bargary, G., Hogg, R.E., Lawrence-Owen, A.J., Mollon,
J.D., 2014. Variants in the 1q21 risk regions are associated with a visual en-
dophenotype of autism and schizophrenia. Genes Brain Behav. 13, 144–151.
Gori, S., Mascheretti, S., Giora, E., Ronconi, L., Ruﬃno, M., Quadrelli, E., Facoetti, A.,
Marino, C., 2015a. The DCDC2 intron 2 deletion impairs illusory motion perception
unveiling the selective role of magnocellular-dorsal stream in reading (dis)ability.
Cereb. Cortex 25, 1685–1695.
Gori, S., Seitz, A.R., Ronconi, L., Franceschini, S., Facoetti, A., 2015b. Multiple causal
links between magnocellular-dorsal pathway deﬁcit and developmental dyslexia.
Cereb. Cortex 26, 4356–4369.
Gori, M., Cappagli, G., Tonelli Baud-Bovy, G., Finocchietti, S., 2016. Devices for visually
impaired people: high technological devices with low user acceptance and no
adaptability for children. Neurosci. Biobehav. Rev. 69, 79–88.
Goswami, U., 2014. Sensory theories of developmental dyslexia: three challenges for
research. Nat. Rev. Neurosci. 16, 43–54.
Grinter, E.J., Maybery, M.T., Badcock, D.R., 2010. Vision in developmental disorders: is
there a dorsal stream deﬁcit? Brain. Res. Bull. 82, 147–160.
Guzzetta, A., Tinelli, F., Del Viva, M.M., Bancale, A., Arrighi, R., Pascale, R.R., Cioni, G.,
2009. Motion perception in preterm children: role of prematurity and brain damage.
Neuroreport 20, 1339–1343.
Hadad, B., Schwartz, S., Maurer, D., Lewis, T.L., 2015. Motion perception: a review of
developmental changes and the role of early visual experience. Front. Integr.
Neurosci. 9, 49.
Hansen, P.C., Stein, J.F., Orde, S.R., Winter, J.L., Talcott, J.B., 2001. Are dyslexics’ visual
deﬁcits limited to measures of dorsal stream function? Neuroreport 12, 1527–1530.
Henderson, S.E., Sugden, D., 1992. The Movement Assessment Battery for Children. The
Psychological Corporation, Kent, UK.
Hendry, S.H., Reid, R.C., 2000. The koniocellular pathway in primate vision. Annu. Rev.
Neurosci. 23, 127–153.
Hendry, S.H., Yoshioka, T., 1994. A neurochemically distinct third channel in the ma-
caque dorsal lateral geniculate nucleus. Science 264, 575–577.
Himmelbach, M., Karnath, H.O., 2005. Dorsal and ventral stream interaction: contribu-
tions from optic ataxia. J. Cogn. Neurosci. 17, 632–640.
Hopf, J.-M., Luck, S.J., Boelmans, K., Schoenﬁeld, M.A., Boehler, C.N., Rieger, J., Heinze,
H.-J., 2006. The neural site of attention matches the spatial scale of perception. J.
Neurosci. 26, 3532–3540.
Hutchinson, C.V., Arena, A., Allen, H.A., Ledgeway, T., 2012. Psychophysical correlates of
global motion processing in the ageing visual system: a critical review. Neurosci.
Biobehav. Rev. 36, 1266–1272.
Hutchinson, C.V., Ledgeway, T., Allen, H.A., 2014a. The ups and downs of global motion
perception: a paradoxical advantage for smaller stimuli in the ageing visual system.
Front. Ageing Neurosci. 6, 199.
Hutchinson, C.V., Walker, J., Davidson, C., 2014b. Oestrogen, ocular function and low-
level vision. J. Indoctrinol. 223, R9–R18.
Johnston, R., Pitchford, N.J., Roach, N.W., Ledgeway, T., 2016. Why is the processing of
global motion impaired in adults with developmental dyslexia? Brain Cogn. 108,
20–31.
Johnston, R., Pitchford, N.J., Roach, N.W., Ledgeway, T., 2017. Visual perception in
dyslexia is limited by sub-optimal scale selection. Sci. Rep. 7, 6593.
Kaas, J.H., Huerta, M.F., Weber, J.T., Harting, J.K., 1978. Patterns of retinal terminations
and laminar organization of the lateral geniculate nucleus of primates. J. Comp.
Neurol. 182, 517–553.
Kaufmann, C., Elbel, G., Go, C., Auer, D.P., 2001. Frequency dependence and gender
eﬀects in visual cortical regions involved in temporal frequency dependent pattern
processing. Hum. Brain Mapp. 38, 28–38.
Keizer, A.W., Colzato, L.S., Hommel, B., 2008. Integrating faces, houses, motion, and
action: spontaneous binding across ventral and dorsal streams. Acta. Psychol. 1,
177–185.
Kevan, A., Pammer, K., 2009. Predicting early reading skills from pre-reading measures of
dorsal stream functioning. Neuropsychologia 47, 3174–3181.
Kim, J., Wilson, H.R., 1997. Motion integration over space: interaction of the center and
surround motion. Vision Res. 37, 991–1005.
Koldewyn, K., Whitney, D., Rivera, S.M., 2010. The psychophysics of visual motion and
global form processing in autism. Brain 133, 599–610.
Kovalev, V.A., Kruggel, F., Von Cramon, D.Y., 2003. Gender and age eﬀects in structural
brain asymmetry as measured by MRI texture analysis. Neuroimage 19, 895–905.
Krekelberg, B., Dannenberg, S., Hoﬀmann, K.P., Bremmer, F., Ross, J., 2003. Neural
correlates of implied motion. Nature 424, 674–677.
Krekelberg, B., 2005. Implied motion from form in the human visual cortex. J.
Neurophysiol. 94, 4373–4386.
Li, P., Zhu, S., Chen, M., Han, C., Xu, H., Fang, Y., Lu, H.D., 2013. A motion direction
preference map in monkey V4. Neuron 78, 376–388.
Livingstone, M., Hubel, D., 1988. Segregation of form, color, movement, and depth:
anatomy, physiology, and perception. Science 240, 740–749.
Livingstone, M.S., Rosen, G.D., Drislane, F.W., Galaburda, A.M., 1991. Physiological and
anatomical evidence for a magnocellular defect in developmental dyslexia. Proc.
Natl. Acad. Sci. U. S. A 88, 7943–7947.
Loannidis, J.P., 2005. Why most published research ﬁndings are false. PLoS Med. 2, e124.
Malikovic, A., Amunts, K., Schleicher, A., Mohlberg, H., Eickhoﬀ, S.B., Wilms, M.,
Palomero-Gallagher, N., Armstrong, E., Zilles, K., 2007. Cytoarchitectonic analysis of
the human extrastriate cortex in the region of V5/MT+: A probabilistic, stereotaxic
map of area hOc5. Cereb. Cortex 17, 562–574.
Manning, C., Tibber, M.S., Charman, T., Dakin, S.C., Pellicano, E., 2015. Enhanced in-
tegration of motion information in children with autism. J. Neurosci. 35, 6979–6986.
Meier, K., Giaschi, D., 2014. The maturation of global motion perception depends on the
spatial and temporal oﬀsets of the stimulus. Vision Res. 95, 61–67.
Melnick, M.D., Harrison, B.R., Park, S., Bennetto, L., Tadin, D., 2013. A strong interactive
link between sensory discriminations and intelligence. Curr. Biol. 23, 1013–1017.
Merigan, W.H., Maunsell, J.H., 1993. How parallel are the primate visual pathways?
Annu. Rev. Neurosci. 16, 369–402.
Meyer-Lindenberg, A., Mervis, C.B., Berman, K.F., 2006. Neural mechanisms in Williams
syndrome: a unique window to genetic inﬂuences on cognition and behaviour. Nat.
Rev. Neurosci. 7, 380–393.
R. Johnston et al. Neuroscience and Biobehavioral Reviews 83 (2017) 32–45
44
Milne, E., White, S., Campbell, R., Swettenham, J., Hansen, P., Ramus, F., 2006. Motion
and form coherence detection in autistic spectrum disorder: relationship to motor
control and 2:4 digit ratio. J. Autism Dev. Disord. 36, 225–237.
Milner, A.D., Goodale, M.A., 1995. The Visual Brain in Action. Oxford University Press,
Oxford.
Mishkin, M., Ungerleider, L.G., Macko, K.A., 1983. Object vision and spatial vision: two
central pathways. Trends Neurosci. 6, 414–417.
Moreno-De-Luca, A., Myers, S.M., Challman, T.D., Moreno-De-Luca, D.M., Evans, D.W.,
Ledbetter, D.H., 2013. Developmental brain dysfunction: revival and expansion of old
concepts based on new genetic evidence. Lancet Neurol. 12, 406–414.
Morrone, M.C., Cichinni, M.G., Consonni, M., Bocca, F., Mascheretti, S., Scifo, P., Marino,
C., Perani, D., 2011. Selective visual motion blindness in developmental dyslexics
with DCDC2 gene alteration. Perception 40, 42.
Munafò, M.R., Nosek, B.A., Bishop, D.V.M., Button, K.S., Chambers, C.D., Percie du Sert,
N., Simonsohn, U., WagenMakers, E., Ware, J.J., Loannidis, J.P.A., 2017. A manifesto
for reproducible science. Nat. Hum Behav. 1, 0021.
Mysore, S.G., Vogels, R., Raiguel, S.E., Orban, G.A., 2008. Shape selectivity for camou-
ﬂage-breaking dynamic stimuli in dorsal V4 neurons. Cereb. Cortex 18, 1429–1443.
Mysore, S.G., 2006. Processing of kinetic boundaries in macaque V4. J. Neurophysiol. 95,
1864–1880.
Nakayama, K., 1985. Biological image motion processing: a review. Vis. Res. 25,
625–660.
Nassi, J.J., Callaway, E.M., 2009. Parallel processing strategies of the primate visual
system. Nat. Rev. Neurosci. 10, 360–372.
Newsome, W.T., Paré, E.B., 1988. A selective impairment of motion perception following
lesions of the middle temporal visual area (MT). J. Neurosci. 8, 2201–2211.
O’Brien, J., Spencer, J., Atkinson, J., Braddick, O., Wattam-Bell, J., 2002. Form and
motion coherence processing in dyspraxia: evidence of a global spatial processing
deﬁcit. Neuroreport 13, 1399–1402.
Oakes, M.B., Eyvazzadeh, A.D., Quint, E., Smith, Y.R., 2008. Complete androgen in-
sensitivity syndrome–a review. J. Pediatr. Adolesc. Gynecol. 21, 305–310.
Olulade, O., Napoliello, E., Eden, G., 2013. Abnormal visual motion processing is not a
cause of dyslexia. Neuron 79, 180–190.
Ostwald, D., Lam, J.M., Li, S., Kourtzi, Z., 2008. Neural coding of global form in the
human visual cortex. J. Neurophysiol. 99, 2456–2469.
Pack, C.C., Hunter, J.N., Born, R.T., 2005. Contrast dependence of suppressive inﬂuences
in cortical area MT of alert macaque. J. Neurophysiol. 93, 1809–1815.
Palomares, M., Shannon, M.T., 2013. Global dot integration in typically developing
children and in Williams syndrome. Brain Cogn. 83, 262–270.
Pilz, K.S., Miller, L., Agnew, H.C., 2017. Motion coherence and direction discrimination in
healthy aging. J. Vis. 17, 31.
Raymond, J.E., Sorensen, R.E., 1998. Visual motion perception in children with dyslexia:
normal detection but abnormal integration. Vis. Cogn. 5, 389–404.
Roe, A.W., Chelazzi, L., Connor, C.E., Conway, B.R., Fujita, I., Gallant, J.L., Lu, H.,
Vanduﬀel, W., 2012. Toward a uniﬁed theory of visual area V4. Neuron 74, 12–29.
Ross, J., Badcock, D.R., Hayes, A., 2000. Coherent global motion in the absence of co-
herent velocity signals. Curr. Biol. 10, 679–682.
Salzman, D.C., Murasugi, C.M., Britten, K.H., Newsome, W.T., 1992. Microstimulation in
visual area MT: eﬀects on direction discrimination performance. J. Neurosci. 12,
2331–2355.
Sary, G., Vogels, R., Kovacs, G., Orban, G.A., 1995. Responses of monkey inferior tem-
poral neurons to luminance-, motion-, and texture-deﬁned gratings. J. Neurophysiol.
73, 1341–1354.
Schiller, P.H., Malpeli, J.G., 1978. Functional speciﬁcity of lateral geniculate nucleus
laminae of the rhesus monkey. J. Neurophysiol. 41, 788–797.
Schmid, M.C., Schmiedt, J.T., Peters, A.J., Saunders, R.C., Maier, A., Leopold, D.A., 2013.
Motion-sensitive responses in visual area V4 in the absence of primary visual cortex.
J. Neurosci. 33, 18740–18745.
Sigmundsson, H., Hansen, P.C., Talcott, J.B., 2003. Do ‘clumsy’ children have visual
deﬁcits. Behav. Brain Res. 17, 123–129.
Simmons, D.R., Robertson, A.E., McKay, L.S., Toal, E., McAleer, P., Pollick, F.E., 2009.
Vision in autism spectrum disorders. Vis. Res. 49, 2705–2739.
Sincich, L.C., Horton, J.C., 2005. The circuitry of V1 and V2: integration of color form,
and motion. Annu. Rev. Neurosci. 28, 303–326.
Skottun, B.C., 2000. The magnocellular deﬁcit theory of dyslexia: the evidence from
contrast sensitivity. Vis. Res. 40, 111–127.
Skottun, B.C., 2015. The need to diﬀerentiate the magnocellular system from the dorsal
stream in connection with dyslexia. Brain Cogn. 95, 62–66.
Skottun, B.C., 2016. A few remarks on the utility of visual motion perception to assess the
integrity of the magnocellular system or the dorsal stream. Cortex 79, 155–158.
Slaghuis, W.L., Ryan, J.F., 1999. Spatio-temporal contrast sensitivity, coherent motion,
and visible persistence in developmental dyslexia. Vis. Res. 39, 651–668.
Smith, M.A., Bair, W., Movshon, J.A., 2002. Signals in macaque striate cortical neurons
that support the perception of Glass patterns. J. Neurosci. 22, 8334–8345.
Smith, M.A., Kohn, A., Movshon, J.A., 2007. Glass pattern responses in macaque V2
neurons. J. Vis. 7, 5.
Smith, D., Ropar, D., Allen, H.A., 2015. Visual integration in autism. Front. Hum.
Neurosci. 9, 387.
Snowden, R.J., Kavanagh, E., 2006. Motion perception in the ageing visual system:
minimum motion, motion coherence, and speed discrimination thresholds.
Perception 35, 9–24.
Snowling, M.J., 2000. Dyslexia. Blackwell, Oxford.
Spencer, J., O’Brien, J., Riggs, K., Braddick, O., Atkinson, J., Wattam-Bell, J., 2000.
Motion processing in autism: evidence for a dorsal stream deﬁciency. Neuroreport 11,
2765–2767.
Sperling, A.J., Lu, Z.L., Manis, F.R., Seidenberg, M.S., 2005. Deﬁcits in perceptual noise
exclusion in developmental dyslexia. Nat. Neurosci. 8, 862–863.
Sperling, A.J., Lu, Z.L., Manis, F.R., Seidenberg, M.S., 2006. Motion-perception deﬁcits
and reading impairment It’s the noise, not the motion. Psychol. Sci. 17, 1047–1053.
Stein, J., Walsh, V., 1997. To see but not to read; the magnocellular theory of dyslexia.
Trends Neurosci. 20, 147–152.
Symons, E., Calvert, J.E., Snelgar, R.S., Harris, J.P., 1990. Early visual processing over the
menstrual cycle: the tilt aftereﬀect. Neuropsychobiology 24, 192–197.
Szwed, M., Ventura, P., Querido, L., Cohen, L., Dehaene, S., 2012. Reading acquisition
enhances an early visual process of contour integration. Dev. Sci. 15, 139–149.
Tadin, D., 2015. Suppressive mechanisms in visual motion processing: from perception to
intelligence. Vis. Res. 115, 58–70.
Taylor, N.M., Jakobson, L.S., Maurer, D., Lewis, T.L., 2009. Diﬀerential vulnerability of
global motion, global form, and biological motion processing in full-term and pre-
term children. Neuropsychologia 47, 2766–2778.
Tootell, R.B.H., Reppas, J.B., Kwong, K.K., Malach, R., Born, R.T., Brady, T.J., Rosen,
B.R., Belliveau, J.W., 1995. Functional analysis of human MT and related visual
cortical areas using functional magnetic resonance imaging. J. Neurosci. 17,
7060–7078.
Treue, S., Martinez-Trujillo, J.C., 2012. The spotlight of attention: shifting, resizing and
splitting receptive ﬁelds when processing visual motion. eNeuroforum 3, 74–79.
Tsermentseli, S., O’Brien, J.M., Spencer, J.V., 2008. Comparison of form and motion
coherence processing in autistic spectrum disorders and dyslexia. J. Autism Dev.
Disord. 38, 1201–1210.
Ungerleider, L.G., Mishkin, M., 1982. Two cortical visual systems. In: Ingle, D.J., Goodale,
M.A., Mansﬁeld, R.J. (Eds.), Analysis of Visual Behaviour. MIT Press, Cambridge.
Vidyasagar, T.R., Kulikowski, J., Lipnicki, D., Dreher, B., 2002. Convergence of magno-
cellular and parvocellular information channels in the primary visual cortex of the
macaque. Eur. J. Neurosci. 16, 945–956.
Volpe, J.J., 2003. Cerebral white matter injury of the premature infant-more common
than you think. Pediatrics 112, 176–180.
Ward, M.M., Stone, S.C., Sandman, C.A., 1978. Visual perception in women during the
menstrual cycle. Physiol. Behav. 20, 239–243.
Watson, A.B., Eckert, M.P., 1994. Motion-contrast sensitivity: visibility of motion gra-
dients of various spatial frequencies. J. Opt. Soc. Am. A 11, 496–505.
White, S., Milne, E., Rosen, S., Hansen, P., Swettenham, J., Frith, U., 2006. The role of
sensorimotor impairment in dyslexia: a multiple case study of dyslexic children. Dev.
Sci. 9, 237–255.
Wilms, M., Eickhoﬀ, S.B., Specht, K., Amunts, K., Shah, N.J., Malikovic, A., Fink, G.R.,
2005. Human V5/MT+: Comparison of functional and cytoarchitectonic data. Anat.
Embryol. (Berl.) 210, 485–495.
Wilson, H.R., Wilkinson, F., 1998. Detection of global structure in glass patterns: im-
plications for form vision. Vis. Res. 38, 2933–2947.
Womelsdorf, T., Anton-Erxleben, K., Pieper, F., Treue, S., 2006. Dynamic shifts of visual
receptive ﬁelds in cortical area MT by spatial attention. Nat. Neurosci. 9, 1156–1160.
Womelsdorf, T., Anton-Erxleben, K., Treue, S., 2008. Receptive ﬁeld shift and shrinkage
in macaque middle temporal area though attentional gain modulation. J. Neurosci.
28, 8934–8944.
Wong, S., Tong, J.E., 1974. Menstrual cycle and contraceptive hormonal eﬀects on
temporal discrimination. Percept. Mot. Skills. 39, 103–108.
Zeki, S., Shipp, S., 1988. The functional logic of cortical connections. Nature 335,
311–317.
Zeki, S., Watson, J.D.G., Lueck, C.J., Friston, K.J., Kennard, C., Frackowiak, R.S.J., 1991.
A direct demonstratijon of functional specialisation in human visual cortex. J.
Neurosci. 11, 641–649.
Zeki, S., 2015. Area V5-a microcosm of the visual brain. Front. Integr. Neurosci. 9, 21.
Zwicker, J.G., Missiuna, C., Harris, S.R., Boyd, L.A., 2012. Developmental coordination
disorder: a review and update. Eur. J. Paediatr. Neurol. 16, 573–581.
van Doorn, A.J., Koenderink, J.J., 1982. Spatial properties of the visual detectability of
moving spatial white noise. Exp. Brain Res. 45, 189–195.
van Hemmen, J., Veltman, D.J., Hoekzema, E., Cohen-Kettenis, P.T., Dessens, A.B.,
Bakker, J., 2014. Neural activation during mental rotation in complete androgen
insensitivity syndrome: the inﬂuence of sex hormones and sex chromosomes. Cereb.
Cortex 1–10.
R. Johnston et al. Neuroscience and Biobehavioral Reviews 83 (2017) 32–45
45
